A key adaptation of mammals to their environment is their ability to maintain a 16 constant high body temperature, even at rest, under a wide range of ambient temperatures. In 17 cold climates, this is achieved by an adaptive production of endogenous heat, known as 18 nonshivering thermogenesis (NST), in the brown adipose tissue (BAT). This organ, unique to 19 mammals, contains a very high density of mitochondria, and BAT correct functioning relies on 20 the correct functioning of its mitochondria. Mitochondria enclose proteins encoded both in the 21 maternally inherited mitochondrial genome and in the biparentally inherited nuclear genome, 22 and therefore one overlooked hypothesis is that both genomes and their interaction may shape 23 NST. By housing under standardised conditions wild-derived common voles (Microtus arvalis) 24 from two distinct evolutionary lineages (Western and Central), we show that Western voles 25 had greater NST than Central voles. By introgressing those two lineages over at least 9 26 generations, we then experimentally tested the influence of the nuclear and mitochondrial 27 genomes on NST and related phenotypic traits. We found that between-lineage variation in 28 NST and BAT size were significantly influenced by the mitochondrial and nuclear genomes, 29 respectively, with the Western mitochondrial genotype being associated with higher NST and 30 the Western nuclear genotype with a larger BAT. There were significant mito-nuclear 31 interactions on whole animal body weight and resting metabolic rate. Hybrid voles were lighter 32 and had higher resting metabolic rate. Overall, our findings turn new light on the influence of 33 the mitochondrial and nuclear genomes on thermogenesis and building adaptation to the 34 environment in mammals. 35 36 37
Introduction
apples and seed mix added as supplements weekly. Within each lineage, wild caught voles (P 136 generation) were reproduced by introducing one randomly chosen male for one week in the 137 cage of a randomly chosen female to produce the F1 generation. The same process was repeated 138 with F1 voles to produce the F2 generation. When offspring were 21 days old (i.e. weaning), 139 they were individually housed in the same conditions as their parents.
140 Backcrossing experiment 141 We tested the relative contribution of the nuclear or mitochondrial genomes on the phenotype 142 using a backcrossing experiment (Ballard and Melvin 2010) where we transferred the 143 mitochondrial genome from W or C donor backgrounds to both C and W nuclear backgrounds. 144 For example, because mitochondria are maternally inherited, repeated crossing of mothers and 145 their daughters from lineage C to males from lineage W produces hybrids where the C 146 mitochondrial genome is inserted in the W nuclear background (nuclear mitochondria : W C ). We 147 applied this approach to produce two hybrid (i.e. introgressed) lineages (W C and C W ) and 148 compared them to the two founder lineages (W W and C C ). Male voles were always used twice, 149 mating them randomly with both a pure and an introgressed female. This ensured that the 150 males' nuclear genome contributed to both of the applicable lineages and that nuclear DNA of 151 both lineages is standardised, preventing any confounding effects caused by genetic drift or 152 inbreeding. Females were used until they produced daughters, which was necessary to ensure 153 that lineages and genetic diversity continued into subsequent generations. At each generation, 154 we reproduced at least 10 different females per experimental group (i.e. C C , C W , W W , W C ).
155
Because each backcross eliminates 50% of the nuclear genes from a given mitochondrial 156 genome donor strain, in theory, 9 successive rounds of backcrossing will replace >99.5 % of population and C voles from the Ollon population (see Figure 1 ). Analysis of monthly 162 meteorological data from 2003 to 2014 shows significant differences in the climatic niche 163 between the two populations, with Mouthe (W voles) being a colder place than Ollon (C voles), 164 with (mean [95% confidence interval] minimal winter temperature: -5.5°C [-6.5, -4.6 Cages were enriched with straw and plastic and cardbox tubing to be used as shelter and 170 gnawing, respectively. Water and food pellets were available ad libitum, with apples and seed 171 mix added as supplements weekly. Animals were housed with litter mates of the same sex until 172 being used for reproduction. However, when this was not possible individuals were matched 173 with animals of the same age and experimental lineage.
174
Metabolic measurements 175 We investigated variation in resting metabolic rate (RMR) and nonshivering thermogenesis 176 capacity (NST) in wild caught voles (P generation) acclimatized for 118 ± 4.8 (mean ± s.e.) 177 days to standardised laboratory conditions, in F1 and F2 voles at 51.7 ± 2.8 days of age, and in 178 F9 to F13 voles at 56.9 ± 1.5 days of age. Measurements of metabolic traits of P to F2 voles 179 took place at the University of Lausanne and of F9 to F13 at the University of Aberdeen. In Golozoubova and others 2006). Preliminary observations showed that the peak of oxygen 205 consumption in response to an injection of noradrenaline is much higher than the peak of 
216
Statistical analyses 217 We compared differences in body weight (to 0.1 g) between groups using data collected in the 218 field (P generation) and at culling (P, F1-F2 in the common garden experiment, F9-F13 in the 219 backcrossing experiment). Animals were culled usually soon after having been reproduced. In 220 the common garden experiment, we analysed variation in body weight and metabolic traits of 221 both male and female adult voles. We restricted our analyses to females in the backcrossing 222 experiment since hybrid males were not used for reproduction. 223 We analysed data from the P generation by including the effects of lineage, sex and 224 capture site (population ID) nested within lineage as fixed effects. We analysed data from the 225 common garden experiment (F1 and F2) by including lineage and sex as fixed effects, and by 226 including father ID, mother ID and generation as random effects. We analysed data from the 
